Potential improvement of aerodynamic performance by morphing the nacelle inlet  by Majić, Frane et al.
Aerospace Science and Technology 54 (2016) 122–131Contents lists available at ScienceDirect
Aerospace Science and Technology
www.elsevier.com/locate/aescte
Potential improvement of aerodynamic performance by morphing the 
nacelle inlet
Frane Majic´ a,∗, Gunilla Efraimsson b, Ciarán J. O’Reilly b
a KTH Royal Institute of Technology, Department of Aeronautical and Vehicle Engineering, Teknikringen 8, SE-100 44 Stockholm, Sweden
b Centre for ECO2 Vehicle Design, KTH Royal Institute of Technology, Department of Aeronautical and Vehicle Engineering, Teknikringen 8, SE-100 44 Stockholm, 
Sweden
a r t i c l e i n f o a b s t r a c t
Article history:
Received 26 August 2015
Received in revised form 23 February 2016
Accepted 5 April 2016
Available online 12 April 2016
Keywords:
Aerodynamics
Nacelle inlet
Turbo-fan engine
Total pressure recovery
Morphing geometry
In this work numerical investigations of the aerodynamic performance of an adaptive turbofan-engine 
inlet are performed. The adaptation is made on the inner front part of the symmetric inlet by changing 
the positions of two contour knots, which acts as a possible inlet structure morphing. The contour knots 
are moved in the axisymmetric and radial directions of the inlet respectively. The numerical calculations 
are performed using Reynolds Averaged Navier–Stokes (RANS) simulations and are made for climb and 
cruise ﬂight conditions. The evaluation of the aerodynamic performance is based on the absolute total 
pressure recovery at the fan plane. The results show that the adaptation of only a small part of the 
inlet contour gives beneﬁts in the performance at different ﬂight conditions. The radial position increase 
of the knot closer to the leading edge gives an overall increase of the pressure recovery level for both 
ﬂight conditions. The radial position change of the knot close to the throat diameter leads to the global 
maximum of the absolute total pressure recovery almost independent of the axial position change of the 
same knot, for both ﬂight conditions. These maximums are attained at different radial positions of the 
knot close to the throat diameter for the two ﬂight conditions.
© 2016 The Authors. Published by Elsevier Masson SAS. This is an open access article under the CC BY 
license (http://creativecommons.org/licenses/by/4.0/).1. Introduction
The Advisory Council for Aeronautics Research in Europe 
(ACARE) declared the objectives in Vision 2020 [1] for 50% re-
duction of CO2 emissions against the baseline of the year 2000. In 
order to achieve such a longer-term goal, one of the possible mea-
sures is further improvement of the ﬂow in the turbofan-engine 
inlet of transport aircraft. The engine inlets of the present trans-
port jet aircraft are non-adaptive structures, which have to fulﬁl 
aerodynamic requirements at different phases of ﬂight paths like 
takeoff, cruise and landing. Such non-adaptive inlets are designed 
as a compromise between low-drag conﬁgurations for cruise con-
dition and conﬁgurations suitable for high angle of attack ﬂows at 
takeoff and landing. In order to fulﬁl both requirements, adaptive 
structures employing advanced materials and actuators are possi-
bly a feasible alternative. Essential features of such concepts are 
adaptability, strength and stability.
In the last two decades improvements in the smooth shape 
change technologies have been made, equally in adaptive skin 
technology and in the ﬁeld of actuators for adaptive shape change. 
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1270-9638/© 2016 The Authors. Published by Elsevier Masson SAS. This is an open acceRecently, continuous camber variation on airfoils has been devel-
oped using chiral honeycomb, which offers both high deformability 
and structural integrity of the wing box [2,3]. The concept was 
proven to work for small camber changes. The presented work 
showed a technological level of the design and manufacture of 
chiral composite cores, which can provide morphing capabilities 
on aircraft structures. Such investigations are important prereq-
uisites for the possibility to implement morphing capabilities to 
adaptive inlets. Also, in the ﬁeld of actuators, required for the 
actuation of morphing concepts, the investigations have given so-
lutions. The pneumatic-type actuators developed so far have been 
designed for small-scale demonstrators. The pneumatic artiﬁcial 
muscle (PAM) has become widely-used ﬂuid-power actuator, which 
shows a high force to weight ratio, has a soft and ﬂexible struc-
ture, and a low cost. PAM has been investigated experimentally 
and the results show a non-linear relationship between contrac-
tion as well as air pressure and pulling force [4–6]. In the ﬁeld of 
morphing skins, Baier and da Rocha-Schmidt presented a design 
and material concept of a cover structure for the gap between ad-
jacent aerodynamic control surfaces in the deﬂected state [7]. It 
is based on large and geometrically highly non-linear shear defor-
mation of a suitable skin material. This material concept could be 
suitable for morphing inlets and is made of the shear compliant ss article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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(r, x) Cylindrical coordinate system coordinates . . . . . . . . . . m
DFAN Fan diameter . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . m
DMAX Nacelle maximum diameter . . . . . . . . . . . . . . . . . . . . . . . . . m
DEXIT Nacelle exit diameter . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . m
DSPIN Spinner diameter . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . m
L Inlet lip length . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . m
LNAC Nacelle length . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . m
Ma Mach number
p Pressure . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . Pa
ptFAN Mass ﬂow averaged total pressure at the fan plane Pa
pt∞ Mass ﬂow averaged total pressure of the free 
stream . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . Pa
Qm Mass ﬂow. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . kg/s
T Temperature . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . K
vx, v y Velocity vector components . . . . . . . . . . . . . . . . . . . . . . . m/s
α Angle of attack. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ◦
η Total pressure recoverymetal wire membrane with a silicone matrix. The material combi-
nation is stiff in the wire direction to stand the aerodynamic loads 
and has a low shear stiffness to afford the shape change.
Different shapes of turbo-fan engine inlets are investigated in 
the literature, depending on the installation position of the en-
gine. Gopaliya and Chaudhary [8] have numerically investigated 
a Y-shaped diffuser with combined horizontal and vertical off-
set. They have given results for different performance parameters, 
pressure effectiveness of the diffuser and uniformity of ﬂow, de-
scribing quality of the ﬂow at the fan plane. They have also inves-
tigated the effect of the Reynolds number and showed a marginal 
increase of static pressure gain and pressure recovery with in-
creasing Reynolds numbers. Vertical diffuser offset resulted in a 
5% decrease of pressure recovery and a 5–9% increase of velocity 
non-uniformity at outlet plane.
Gopaliya et al. [9] have investigated the effect of combined 
vertical and horizontal offsets on S-shaped diffusers, with a rectan-
gular inlet, and rectangular as well as semi-circular outlets. Using 
RANS simulations, they have obtained results, which indicate re-
duced outlet pressure recovery and increased ﬂow non-uniformity 
by the offset effect. A pressure drop of the order of 14% and 7.3% 
for diffusers with rectangular and semi-circular outlets was in-
dicated respectively. Also, by increasing the inlet offset the ﬂow 
non-uniformity increases up to 32% and 21% for rectangular and 
semi-circular outlets respectively. This paper also showed that an 
increase of Reynolds number has a marginal effect on the outlet 
pressure recovery.
Atalayer et al. [10] have investigated S-duct inlets of a turbo-
prop engine. The ﬂow simulations were performed without pro-
peller and particle separator effects. The effects of the inlet aspect 
ratio, duct lengths and spread angle on the ﬂow quality were in-
vestigated. The ﬂow quality was quantiﬁed by total pressure re-
covery and distortion coeﬃcient DC60 as well as swirl distortion 
coeﬃcient SC60. In addition to distortion coeﬃcients, the circum-
ferential and radial distortion intensities were used to investigate 
circumferential and radial distributions of total pressure respec-
tively. The results showed better performance of long S-ducts as 
well as shorter front and end ducts.
Kennedy et al. [11] have investigated aerodynamic performance 
of the inlet at moderate and high angles of attack using RANS com-
putations, with and without fan interaction. The results were in 
good agreement with experimental data at moderate angles of at-
tack, but showed some discrepancies for high angles of attack for 
conﬁgurations without fan interaction. The presence of the fan in-
teraction permitted the inlet to function at high angles of attack 
without separation. The cases with fan interaction showed lower 
level of ﬂow distortion in comparison to the cases without fan in-
teraction, at high angles of attack.
Kim and Liou [12] have performed conceptual design of the na-
celle shape in the hybrid wing-body aircraft conﬁguration with 
focus on the effects of aerodynamic performance. Optimal de-
signs were carried out to minimise the airframe drag force and circumferential ﬂow distortion parameter at fan faces. They per-
formed RANS simulations on a parametrised nacelle lip geometry 
by a spring analogy approach. The calculations were performed for 
single ﬂight condition, namely top of climb (TOC) at Mach num-
ber 0.8. A 12% reduction of circumferential distortion at fan face 
was attained.
Abbott [13] made a computational study to assess the aerody-
namic performance of the scarfed inlets. The scarﬁng was made by 
the extension of the lower lip in the range of circumferential an-
gles. In this paper the operation at static and cruise conditions was 
analysed. Reducing the circumferential angle of lower lip extension 
from 180◦ to 67.5◦ lead to the scarf inlets, which reduced weight 
while maintaining attached ﬂow at the upper lip at both static and 
cruise conditions.
The presented technological level of advanced skin materials 
and actuators gives the opportunity to improve the aerodynamic 
performance of a turbo-fan engine inlets at different ﬂight regimes. 
In this work the feasibility and potential beneﬁts from an aerody-
namics perspective is presented. Numerical aerodynamic computa-
tions are performed in order to investigate the performance of the 
adaptive nacelle inlet. The adaptation is made on the front inner 
side of the inlet lip, by changing position of two contour knots. 
The investigation is performed for two ﬂight conditions, namely 
climb and cruise, whereby the advantages of the inlet shape adap-
tation is highlighted.
2. Methodology
The reference geometry of the nacelle is described ﬁrst and it is 
used as a starting point for further geometry adaptations. The ge-
ometry is predicted for a mid-to-long-range aircraft in year 2025 
by the project partner Bauhaus Luftfahrt and is described in more 
detail in [14]. The mid-to-long-range aircraft was selected accord-
ing to forecasted fuel consumption versus range for year 2025 us-
ing statistical data [15]. According to these data mid-to-long-range 
stage lengths will have a signiﬁcant impact in total fuel consump-
tion. Also, forecasted data for installed seats with respect to the 
share of aircraft movement is used [16], from which aircraft with 
321–340 seats will have the biggest share in worldwide aircraft 
movement in the year 2025.
The reference nacelle geometry is axisymmetric and is shown 
in Fig. 1. Scaled global dimensions of the reference geometry are 
given in Table 1 and sketched in Fig. 2. Each global dimension of 
the nacelle is scaled with dimension of the fan diameter DFAN. 
The fan diameter used in this paper is DFAN = 3.3 m. This fan 
diameter was selected according to the engine trust required for 
the forecasted mid-to-long-range aircraft, simulated by commercial 
software GasTurbTM by project partner Bauhaus Luftfahrt.
The contour is composed of three parts, shown in Fig. 3. The 
ﬁrst part is the inner contour composed of a spline curve de-
ﬁned by seven knots (P1 to P7) and slopes at the spline start and 
end knots respectively. The dimensionless coordinates of the seven 
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Table 1
Global dimensions of the reference nacelle geometry.
Scaled length Scaled value
LNAC/DFAN 1.6010
L/DFAN 0.6361
DMAX/DFAN 1.2520
DEXIT/DFAN 0.9873
DSPIN/DFAN 0.1000
Fig. 2. Nacelle cross section with global dimensions.
Fig. 3. Nacelle cross section with spline knots which deﬁne inlet shape.
spline knots are given in Table 2. The coordinates in Table 2 are 
scaled with the inlet length L of the reference geometry and pre-
sented in the cylindrical coordinate system (x, r) shown in Fig. 3. 
The x-axis is coincident with symmetry axis of the nacelle. The 
second part is the front part of the outer contour, which is deﬁned 
by NACA-1 series proﬁle coordinates. The second part starts at the 
point P1 and ends at the point of the maximum diameter labelled
as MP in Fig. 3. The third part is the rear part of the outer con-
tour, from point MP to the nacelle outlet plane. The point P1 is 
common for the second and the ﬁrst part. Also, the slope at the 
point P1 of the second part deﬁnes the slope for the ﬁrst part at 
the same point P1. The point P7 is on the fan plane with radial 
coordinate equal to the radius of the fan. The third part consists 
of a spline drawn from the point MP to the point at nacelle exit 
diameter, with the slope at point MP equal to the NACA-1 series 
contour slope at that point. The spinner geometry has a parabolic Table 2
Spline knot coordinates of the reference geometry inner 
contour.
Point x r
P1 7.795 · 10−3 0.8008
P2 0.0000 0.7756
P3 0.1459 0.7369
P4 0.3264 0.7575
P5 0.5018 0.7744
P6 0.6927 0.7839
P7 1.0000 0.7861
Table 3
Positions of knots P2 and P3.
Knot name P2 P3
Scaled coordinates xP2 rP2 xP3 rP3
Lower limit −0.003742 0.7480 0.1154 0.7003
Increment 0.0 0.009528 0.009528 0.009528
Upper limit −0.003742 0.7861 0.1630 0.7670
No. of positions 1 5 6 8
cross-section, where the quadratic coeﬃcient equals 2, the linear 
coeﬃcient equals zero and the spinner diameter equals 20% of the 
fan diameter.
The adapted geometries are derived from the reference geome-
try by displacing the position of the two contour knots P2 and P3, 
while keeping other knots of the contour ﬁxed. The extent of the 
inlet shape displacement corresponds to the displacements achiev-
able using the technology level of advanced materials and actu-
ators described in the introduction. The achievable structure dis-
placements are conﬁrmed by the ﬁnite element simulation of the 
inlet structure deformation [14], performed by the project partner 
from Technische Universität München (TUM). Therefore, the posi-
tion of knot P2 is altered in limited range equal to 3.8% of the inlet 
lip length L in direction of r coordinate, while the knot P3 posi-
tion is altered in range 6.7% and 8.5% of the inlet lip length L in 
direction of x and r coordinate respectively. The position change 
of the knot P2 is restricted more than knot P3 as knot P2 is on 
the leading edge close to the ﬁxed point of NACA-1 series con-
tour with ﬁxed slope, and every exaggerated displacement of knot 
P2 gives wavy contour shapes. The shape adaptation is axisymmet-
ric, made in the same way on each circumferential position of the 
inlet.
As the number of the required calculations increases very fast 
by increasing the ﬁneness of the discretized intervals of knot po-
sitions, the intervals are discretized in a limited number of the 
positions according to Table 3. In Table 3 the upper and the lower 
limits as well as the increment of the P2 and P3 knots discrete 
positions are shown. The given discrete positions as well as the 
increment values are scaled by the inlet lip length. In addition, 
numbers of discrete positions in the discretized interval are given 
in Table 3. The generated inlet shapes are classiﬁed into families 
of inlet shapes where each family belongs to the ﬁxed position of 
knot P2 and different positions of knot P3. In such way 240 com-
binations of the two knot positions are generated.
A steady ﬁnite-volume RANS solver on unstructured mesh, in 
STAR-CCM+ (version 9.06.011) commercial software, was used to 
perform numerical calculations. A coupled implicit solver with sec-
ond order accuracy in space was used. For the acceleration of con-
vergence the algebraic multi-grid (AMG) method with V-cycle was 
used. The realisable k– turbulence model with two-layer y+ wall 
treatment was used. All computations were performed in parallel 
using high performance computational systems.
The numerical aerodynamic calculations are made for two ﬂight 
conditions, namely climb and cruise. The free stream values to-
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Flight conditions for climb and cruise conditions.
Variable Climb Cruise
Ma 0.2 0.8
p 101325 Pa 23842 Pa
T 288.15 K 218 K
α 7◦ 2◦
Qm 1589 kg/s 643 kg/s
Fig. 4. Boundary conditions on far ﬁeld – nacelle side view.
Fig. 5. Boundary conditions on far ﬁeld – nacelle front view.
gether with the predicted engine mass ﬂow for these ﬂight condi-
tions are presented in Table 4. The engine mass ﬂow is predicted 
by the project partner Bauhaus Luftfahrt using the commercial 
software GasTurb™. The mass ﬂow prediction is made for the 
turbo-fan engine of a mid-to-long-range aircraft in year 2025. The 
climb condition corresponds to the sea level in International Stan-
dard Atmosphere (ISA) and cruise condition corresponds to the 
height 10,670 m in ISA. The angle of attack for the inlet is mea-
sured in vertical symmetry plane of the inlet, between direction of 
free stream velocity and symmetry axis of the inlet.
The far-ﬁeld boundaries are the sides of the hexahedral shaped 
domain shown in the Figs. 4 and 5. These boundaries are approx-
imately 50 fan diameters length away from the nacelle. Four sides 
of the far-ﬁeld boundary, Inlet 1, Inlet 2, Inlet 3 and Inlet 4 are set 
as free stream type with Mach number, pressure and temperature 
prescribed. As the ﬂow is symmetric about the vertical symme-
try plane of the nacelle, only one half of the domain is simulated. 
Fig. 6 illustrates the relations of pressures and velocities at the 
symmetry plane. The domain boundary Symmetry, which is ver-
tical symmetry plane of nacelle, is set as a symmetry boundary 
condition. The far-ﬁeld boundary downstream the nacelle is pre-
scribed as a pressure outlet. The wall surfaces of the nacelle and 
the spinner are set as no-slip wall, while the outﬂow surface of Fig. 6. Symmetry plane boundary condition.
Fig. 7. Surface mesh on nacelle and symmetry plane.
the nacelle is set as velocity inlet with constant velocity calculated 
from prescribed engine mass ﬂow.
The ﬂow over fan blades is not simulated, but the effect of the 
fan on the inlet ﬂow is simulated by imposing the pressure outlet 
boundary condition at the fan plane. As the mass ﬂow in the in-
let is predeﬁned by the design conditions, the fan plane is set as 
the adjustable pressure outlet with targeted engine mass ﬂow. The 
targeted mass ﬂow on the fan plane is accomplished by automatic 
change of the pressure on the fan plane during the simulation run. 
The pressure change is made constantly over the fan plane, while 
velocity and density have non-uniform proﬁle over the fan plane. 
The velocity and density proﬁles are calculated from the domain 
interior. In order to fulﬁl the simulation convergence criterion, not 
only the residual criterion of solved equations but also the targeted 
mass ﬂow imposed on the fan plane is monitored.
The computational mesh in most of domain is generated by 
the Trimmer Mesher, which predominantly generates hexahedral 
grid elements, while at the viscous walls the Prism Layer Mesher 
was used in order to generate prism layers in boundary layer re-
gion. The triangulated surface mesh, which served as input to the 
control volume meshers, is generated by the computer aided de-
sign (CAD) model generated in the CAD modeller of STAR-CCM+ 
software. This imported surface mesh is additionally remeshed in 
order to reﬁne the mesh in the selected area. The surface mesh on 
the nacelle surface and symmetry plane is shown in Fig. 7.
3. Results
3.1. Evaluation parameter
For the evaluation of the inlet performance the evaluation pa-
rameter total pressure recovery was used. Total pressure recovery 
is an indicator of the inlet eﬃciency, deﬁned as
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Fig. 9. Volume control for the near nacelle walls.
Fig. 10. Volume control between near nacelle and far-ﬁeld zone.
η = ptFAN
pt∞
(1)
where ptFAN and pt∞ are surface averaged total pressures on the 
fan plane and the free stream, respectively.
3.2. Mesh dependence study
In order to check that the solutions have acceptable level of dis-
cretisation errors, a mesh dependence study is performed. Several 
volume and surface size parameters are simultaneously changed in 
order to reﬁne the mesh. The cell size is directly controlled by the 
maximum cell size in domain and by the targeted cell size in three 
cylindrical volumetric controls presented in Figs. 8–10. The maxi-
mum cell size is deﬁned as the starting cell size, from which the 
Trimmer Mesher reﬁnes mesh further. Such cell sizes are usually 
attained on far-ﬁeld boundaries only.
Volumetric controls determine regions in which the targeted 
cell size should be attained. By such volumetric controls it is pos-
sible to control volume sizes gradually in respective regions. The 
targeted cell size of the three cylindrical volumetric controls is 
presented in Table 5. The surface size parameters control the cell 
surface sizes on the nacelle and the spinner walls as well as on 
the fan and the nacelle outlet surfaces.
In Fig. 11 the mesh convergence for pressure recovery results 
are presented. The mesh convergence study is performed on the 
reference geometry and at the climb condition. The mesh reﬁne-
ment of the mesh shows monotone increase of the pressure recov-
ery, which grows faster up to 3.5 · 106 volume cells. Further mesh 
reﬁnement increases the pressure recovery, but with a lower rate. Table 5
Targeted cell side length for the cylindrical volumetric controls.
Volumetric control region Targeted size
Inlet core 0.0187 m
Near nacelle walls 0.0300 m
Between near nacelle and far-ﬁeld 0.5000 m
Fig. 11. Grid convergence results.
Fig. 12. Total pressure recovery for climb condition and knot P2 at (xP2, rP2) =
(−3.742 · 10−3, 0.7480).
From the given results the mesh settings which generated a mesh 
with 4.886 ·106 volume cells have been chosen for further calcula-
tions. Mesh sizes for each adapted inlet shape calculation differed 
to a small extent with respect to the mesh of reference geometry.
3.3. Numerical calculations
The numerical calculations are performed for different inlet 
shape adaptations, which are adapted according to the displace-
ment of the knots P2 and P3, as described in section 2. In following 
sections the results for the two ﬂight conditions are shown. The 
results are summarised in diagrams, where each diagram repre-
sents one family of the inlet shape adaptations, i.e. families of inlet 
shapes, which have ﬁxed position of knot P2.
3.3.1. Climb condition
In Figs. 12–16 the results of the total pressure recovery at climb 
condition, for ﬁve inlet shape families, are shown. For each inlet 
shape family, the xP2 coordinate is ﬁxed at xP2 = −3.742 · 10−3, 
while the rP2 coordinate has one of the ﬁve values in the list rP2 =
[0.7480, 0.7575, 0.7670, 0.7765, 0.7860]. Each curve in the single 
family diagram is shown as a function of rP3 while xP3 is kept 
constant.
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(−3.742 · 10−3, 0.7575).
Fig. 14. Total pressure recovery for climb condition and knot P2 at (xP2, rP2) =
(−3.742 · 10−3, 0.7670).
Fig. 15. Total pressure recovery for climb condition and knot P2 at (xP2, rP2) =
(−3.742 · 10−3, 0.7765).
All curves in Figs. 12–16 show similar trends, where each curve 
attains a global maximum of total pressure recovery for the con-
stant xP3 and given range of rP3. The curves in these diagrams 
attain a maximum in the narrow range rP3 = 0.71–0.73 and most 
of curves attain a maximum at the position rP3 = 0.72. The dif-
ference between the total pressure recovery maximums of all the 
curves, in each diagram in Figs. 12–16, attains values up to 2% of Fig. 16. Total pressure recovery for climb condition and knot P2 at (xP2, rP2) =
(−3.742 · 10−3, 0.7860).
Fig. 17. Velocity vectors coloured by Mach number around the lower leading edge 
and in the symmetry plane, (xP2, rP2) = (−3.742 · 10−3, 0.7860) and (xP3, rP3) =
(0.091, 0.7003).
Fig. 18. Velocity vectors coloured by Mach number around the lower leading edge 
and in the symmetry plane, (xP2, rP2) = (−3.742 · 10−3, 0.7860) and (xP3, rP3) =
(0.091, 0.7194).
the total pressure in the far ﬁeld. This means that, for a climb con-
dition, there is a moderate inﬂuence of the xP3 alteration on the 
maximum of total pressure recovery, looking at one family of inlet 
shapes.
By increasing rP3 from the point of maximum total pressure re-
covery, for each curve, the total pressure recovery decreases slowly, 
while by decreasing rP3 the total pressure recovery decreases more 
rapidly. Rapid decrease is occurring for inlet shape families with 
higher rP2. Decrease of rP3 means thickening of the inlet shape at 
the position of knot P3. Also, depending on the relative positions 
of P3 and P2 knots, the curvature of the inlet shape between these 
knots changes. In order to show the inﬂuence on the ﬂow ﬁeld 
for such cases, in Figs. 17 and 18 the ﬂow ﬁelds around leading 
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(−3.742 · 10−3, 0.7480).
edge of inlet shapes are presented for two such cases. The ﬁg-
ures present the velocity vectors coloured by Mach number for 
two cases on curve with constant xP3 = 0.091 from the inlet shape 
family in Fig. 16. Fig. 18 presents the ﬂow around the inlet leading 
edge with maximum total pressure recovery and in Fig. 17 is the 
case with rapidly decreased total pressure recovery and lower rP3. 
The case in Fig. 17 has a highly curved inlet surface, resulting in a 
large separation region downstream of the inlet lip, while the case 
in Fig. 18 has moderate inlet curvature with a very small separa-
tion region. In Fig. 17 the small supersonic region on the position 
of the throat diameter can be seen. This supersonic region is end-
ing with a shock wave to the subsonic region, which introduces 
additional losses in the ﬂow. The sudden pressure increase be-
hind the shock wave is the cause for the positive pressure gradient 
in the ﬂow direction, which is the driver for the ﬂow separation. 
From Figs. 17 and 18 it can be seen that, despite the small shape 
change between the cases, it can cause big differences in the ﬂow.
The range in which the maximum total pressure recovery val-
ues vary, for all inlet shape families at the climb, is equal 7% of 
the free stream total pressure. From Figs. 12–16 it can be seen 
that maximum total pressure recovery values are attained for cases 
where rP3 is lower than rP2. This means that by locally imposing 
convex shapes (rP3 < rP2) up to certain level, the total pressure re-
covery at climb condition could be maximised. This maximum is 
more distinct and has higher values for the cases with high rP2
where bigger curvature of the leading edge, by lowering rP3, could 
be obtained. Such curvature at the leading edge helps to keep the 
ﬂow attached at high angle of attack of the climb condition, espe-
cially over the lower half of the inlet where the separation occurs 
predominantly.
3.3.2. Cruise condition
In Figs. 19–23 the total pressure recovery results at cruise con-
dition, for ﬁve inlet shape families, are shown. For each inlet 
shape family, the xP2 coordinate is the same and ﬁxed at xP2 =
−3.742 · 10−3, while the rP2 coordinate takes one of the ﬁve val-
ues in the list rP2 = [0.7480, 0.7575, 0.7670, 0.7765, 0.7860]. Each 
curve in the inlet shape family diagrams is plotted as a function of 
rP3 while xP3 is kept constant.
The inﬂuence of rP2 change can be seen as a change in total 
pressure recovery level, from Figs. 19–23. The increase in rP2 gives 
the increase in the absolute total pressure level in range 1–2%. The 
increase in rP2 results in a thin leading edge, which is beneﬁcial at 
cruise ﬂight condition. Regarding the inﬂuence of rP3 changes, all 
curves representing total pressure recovery in Figs. 19–23 show a 
similar trend. The curves keep almost constant value of total pres-Fig. 20. Total pressure recovery for cruise condition and knot P2 at (xP2, rP2) =
(−3.742 · 10−3, 0.7575).
Fig. 21. Total pressure recovery for cruise condition and knot P2 at (xP2, rP2) =
(−3.742 · 10−3, 0.7670).
sure recovery over a big part of the rP3 range, from rP3 = 0.73 to 
rP3 = 0.78. In this range the total pressure recovery values have 
the biggest difference up to 2% of the free stream total pressure, 
that shows small sensitivity of the total pressure recovery on rP3
change over big range of rP3. There is a lower inlet mass ﬂow, 
which means lower a Reynolds number of the ﬂow, and lower 
angle of attack at the cruise condition compared to the climb con-
dition. In such ﬂows at a lower Reynolds number, the ﬂow is less 
sensitive on the boundary curvature because inertial forces are 
lower compared to the same with a higher Reynolds number at 
climb condition. Further, due to the smaller angle of attack and 
also lower Reynolds numbers, the separation zones are smaller in 
cruise than in the climb condition. This leads to the overall lower 
level of loses, i.e. higher level of total pressure recovery in cruise 
compared to climb condition.
Decreasing the value of rP3 below 0.73, all curves in Figs. 19–23
show a sudden drop of total pressure recovery, which is up to 10% 
of the free stream total pressure for the change from rP3 = 0.7194
to rP3 = 0.7098. This sudden drop is occurring just next the point 
of maximum total pressure recovery. Decrease of rP3 means thick-
ening of the inlet shape at the position of knot P3. Also, depending 
on the relative positions of P3 and P2 knots, the curvature of the 
inlet shape between these knots changes. The sharper total pres-
sure drop occur for the cases which have high rP2 and very low 
rP,3 which means a highly convex curved shape between P2 and 
P3 knots, like the one shown in Fig. 17. Such a shape leads to the 
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(−3.742 · 10−3, 0.7765).
Fig. 23. Total pressure recovery for cruise condition and knot P2 at (xP2, rP2) =
(−3.742 · 10−3, 0.7860).
separation zones behind it and the consequence can be seen in the 
sharp drop of total pressure recovery.
The range in which maximum total pressure recovery val-
ues vary with respect to xP3, for single inlet shape family in 
Figs. 19–23, is equal up to 2% of the free stream total pressure. 
This means that there is also, similar to climb results, a moderate 
inﬂuence of the xP3 alteration on the maximum total pressure re-
covery, for each family of inlet shapes. From Figs. 19–23 it can be 
seen that maximum total pressure recovery values are attained for 
cases where rP3 is moderately lower than rP2, i.e. for inlet shapes 
with moderate curvature between the two knots.
3.3.3. Performance of the best cruise inlet shape
Here, the performance at the cruise and climb conditions for 
the inlet shape which showed the best performance at the cruise 
is presented. The best cruise inlet shape is selected according to 
the pressure recovery results at the fan plane. The performance of 
the selected inlet is presented by showing the velocity ﬁeld around 
the leading edge and total pressure contours at the fan plane.
In Figs. 24 and 25 the velocity vectors, coloured by Mach num-
ber values, for the selected inlet at cruise and climb are shown 
respectively. The velocity vectors are shown in the vertical sym-
metry plane around the leading edge of the lower inlet half. The 
difference in the total pressure recovery for the selected inlet at 
the cruise and the climb conditions is 6% of the free stream abso-
lute total pressure. The best cruise inlet shape has ﬂat inlet surface 
just after the leading edge, which is favourable for the cruise ﬂight Fig. 24. Cruise condition: velocity vectors coloured by Mach number around inlet 
leading edge, which attains best performance at the cruise condition and has knot 
coordinates (xP2, rP2) = (−3.742 · 10−3, 0.7480) and (xP3, rP3) = (0.100, 0.7194).
Fig. 25. Climb condition: velocity vectors coloured by Mach number around inlet 
leading edge, which attains best performance at the cruise condition and has knot 
coordinates (xP2, rP2) = (−3.742 · 10−3, 0.7480) and (xP3, rP3) = (0.100, 0.7194).
condition at the low angle of attack while it is very unfavourable 
for the climb condition. For the cruise condition, which is at low 
angle of attack (α = 2◦), the ﬂow is completely attached and is free 
of supersonic ﬂow regions. On the other hand for the climb con-
dition, which is at high angle of attack (α = 7◦), the ﬂow exhibits 
big separation zone behind the leading edge.
In Figs. 26 and 27 the absolute total pressure contours at the 
fan plane, for the cruise and the climb conditions, are shown re-
spectively. The ﬁgures show the performance of the inlet shape 
which has the best performance at the cruise condition. From 
these ﬁgures, the zones of total pressure losses can be identiﬁed. 
In the case of cruise condition, the zones of decreased absolute to-
tal pressure are bounded only to the very thin boundary layer on 
the circumference, close to the wall of the inlet. This occurrence is 
almost axisymmetric because of the small angle of attack. On the 
other hand, in the case of climb condition the big part of the fan 
plane is affected by the ﬂow with low total pressure level, where 
the lower part of the fan plane is the most affected. This is the 
consequence of the separation region, which is generated by the 
leading edge of the lower inlet half. On the upper half of the fan 
plane the low total pressure zone is also occurring, but the inten-
sity and thickness is decreased. Comparing the two ﬁgures, Fig. 26
and Fig. 27, it can be seen that the performance of the best cruise 
inlet shape at the climb condition is much poorer than at cruise 
condition, with respect to the distribution uniformity and level de-
crease of the absolute total pressure.
3.3.4. Performance of the best climb inlet shape
In this section the performance at the cruise and the climb con-
ditions, for the inlet shape which showed the best performance at 
the climb, is presented. The best climb inlet shape is selected ac-
cording to the pressure recovery results at the fan plane. The coor-
dinates of P2 and P3 knots are (xP2, rP2) = (−3.742 · 10−3, 0.7860)
130 F. Majic´ et al. / Aerospace Science and Technology 54 (2016) 122–131Fig. 26. Cruise condition: absolute total pressure contours at the fan plane of the 
inlet shape, which attains best performance at the cruise condition and has knot 
coordinates (xP2, rP2) = (−3.742 · 10−3, 0.7480) and (xP3, rP3) = (0.100, 0.7194).
Fig. 27. Climb condition: absolute total pressure contours at the fan plane of the 
inlet shape, which attains best performance at the cruise condition and has knot 
coordinates (xP2, rP2) = (−3.742 · 10−3, 0.7480) and (xP3, rP3) = (0.100, 0.7194).
Fig. 28. Cruise: velocity vectors coloured by Mach number around inlet leading edge. 
This inlet shape has the best performance at the climb condition and has knot co-
ordinates (xP2, rP2) = (−3.742 · 10−3, 0.7860) and (xP3, rP3) = (0.100, 0.7194).
and (xP3, rP3) = (0.100, 0.7194) respectively. The performance of 
the selected inlet is presented using the ﬁgures of velocity vectors 
around the leading edge and contours of total pressure at the fan 
plane. The difference in the total pressure recovery for the selected 
inlet at the cruise and the climb conditions is 1% of the free stream 
absolute total pressure.
Figs. 28 and 29 present the velocity vectors coloured by Mach 
number values at cruise and climb condition, for the inlet shape 
with the best performance at the climb. The velocity vectors are 
shown in the vertical symmetry plane around the leading edge of 
the lower inlet half. This half is more critical for the performance 
with respect to the separation occurrence. At both ﬂight conditions 
the best climb inlet makes the ﬂow separated behind the leading 
edge in almost equal big region. The best at climb inlet shape has 
very curved and thick inlet shape close to the leading edge, which 
is favourable for the climb ﬂight condition at high angle of attack 
while it is less favourable for the cruise condition, because such 
shape causes ﬂow acceleration and consequently supersonic region 
with shock wave appearance. At the cruise condition the inlet gen-Fig. 29. Climb: velocity vectors coloured by Mach number around inlet leading edge. 
This inlet shape has the best performance at the climb condition and has knot co-
ordinates (xP2, rP2) = (−3.742 · 10−3, 0.7860) and (xP3, rP3) = (0.100, 0.7194).
Fig. 30. Cruise: absolute total pressure contours at the fan plane. This inlet shape has 
the best performance at the climb condition with coordinates (xP2, rP2) = (−3.742 ·
10−3, 0.7860) and (xP3, rP3) = (0.100, 0.7194).
Fig. 31. Climb: absolute total pressure contours at the fan plane. This inlet shape 
has the best performance at the climb condition with knot coordinates (xP2, rP2) =
(−3.742 · 10−3, 0.7860) and (xP3, rP3) = (0.100, 0.7194).
erates a large region of supersonic ﬂow, which ends with a shock 
wave. This supersonic region is positioned on the top of throat ra-
dius. On the other hand at the climb condition the inlet generates 
supersonic ﬂow as well, but it is contained in a smaller region and 
ends with a weaker shock wave. The position of the supersonic re-
gion for the climb condition is moved more in front compared to 
the position at cruise condition.
In Figs. 30 and 31 the absolute total pressure contours at the 
fan plane, for the cruise and the climb conditions, are shown re-
spectively. The ﬁgures show the performance of the inlet shape 
which is selected according to the best performance at the climb 
condition. From these ﬁgures, the zones of total pressure losses 
can be identiﬁed. In the case of cruise condition, the regions of 
decreased absolute total pressure are bounded to moderately big 
circumferential region, close to the wall of the inlet. These re-
gions are non-uniformly distributed along the circumference in 
wavy shapes. The wavy shapes are a consequence of distinct lon-
gitudinal vortices generated along the circumference of the inlet 
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the lower part of the fan plane than on the upper part as a con-
sequence of bigger separation zones at the lower than on upper 
part of inlet leading edge. The absolute total pressure distribu-
tion at the climb condition, shown in Fig. 31, shows that only the 
lower part of the fan plane is moderately affected by the ﬂow with 
low total pressure level. The other parts of the fan plane are af-
fected only by thin uniform layer along the circumference close to 
the inlet walls. As the non-uniformity in total pressure at the fan 
plane is consequence of non-uniformity in the velocity distribu-
tion, this distribution inﬂuences the aerodynamic performance of 
the fan blades when they interchangeably cut regions of different 
velocity. Comparing the distributions of absolute total pressure in 
Figs. 30 and 31, it can be concluded that the performance of the 
best climb inlet shape at the cruise condition has degraded perfor-
mance compared with performance at the climb condition.
4. Conclusion
In this paper, the numerical result are calculated for the adap-
tive axisymmetric inlet of a turbofan-engine. The adaptation is 
made by changing position of two contour knots in the axial and 
radial direction of the inlet. The ﬁrst knot is positioned close to the 
leading edge of the reference geometry and is moved only in radial 
direction, while the second knot is positioned close to the throat 
diameter and is moved in radial and axial direction. The numerical 
calculations are performed using Reynolds Averaged Navier–Stokes 
(RANS) simulations and are made for climb and cruise ﬂight con-
ditions. The adaptation is made in the range 4% of the inlet length 
for the radial position of the ﬁrst knot and 7% of the inlet length 
for the radial position of the second knot. The axial movement of 
the second point is made in the range 6.5% of the inlet length.
The results showed that even small adaptations of the inlet 
shape, on the limited region, gives the possibility to gain beneﬁts 
in the aerodynamic performance at different ﬂight conditions.
The radial position increase of the knot closer to the leading 
edge gives an overall increase of the pressure recovery level for 
both the climb and the cruise conditions up to 7% and 2%, respec-
tively. Additionally at the cruise ﬂight condition, the radial position 
increase of the knot close to the leading edge decreases the sen-
sitivity on the axial change as well as radial position of the knot 
close to the throat diameter.
By changing the radial position of the knot close to the throat 
diameter the global maxima of total pressure recovery can be at-
tained, for the climb and the cruise condition. Each ﬂight condition 
has different radial positions of the knot close to throat diameter, 
where global maxima are attained. Difference of these radial posi-
tions is equal 4% of the inlet length.
At the cruise condition, the inﬂuence of axial position change 
of the knot close to the throat diameter is marginal, especially in 
combination with high radial position of the knot close to highlight 
diameter. At the climb condition, the axial position inﬂuence of the 
knot close to throat diameter on the total pressure recovery change 
is a most 1%, except at the position of maximum total pressure 
recovery where is equal up to 4%.
Regarding the performance at the climb and the cruise condi-
tions of the inlet shape which attained the best performance at 
the climb condition, it can be concluded that while this shape is 
beneﬁcial for the climb condition, it is not beneﬁcial for the cruise 
condition. This inlet shape has degraded performance at the cruise 
condition with respect to the ﬂow separation behind the leading 
edge and the uniformity of the total pressure recovery distribution 
at the fan plane. The non-uniformity of absolute total pressure is 
mostly present at the lower half of the fan plane as a thick cir-
cumferential layer close to the walls.
The performance at the two ﬂight conditions, for the inlet 
shape which attained the best performance at the cruise con-dition, showed less difference than with the best at climb inlet 
shape. The results of best cruise inlet shape showed more non-
uniformity in the absolute total pressure recovery distribution at 
the fan plane for the climb condition than for cruise condition. 
This non-uniformity occurred as a wavy shapes close to the lower 
inlet part and close to the walls. These wavy regions of decreased 
absolute total pressure level are the consequence of distinct vorti-
cal ﬂow structures generated at the leading edge.
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